The in vitro activities of ceftaroline-avibactam, ceftaroline, and comparative agents were determined for a collection of bacterial pathogens frequently isolated from patients seeking care at 15 Canadian hospitals from January 2010 to December 2012. In total, 9,758 isolates were tested by using the Clinical and Laboratory Standards Institute (CLSI) broth microdilution method (document M07-A9, 2012), with MICs interpreted by using CLSI breakpoints (document M100-S23, 2013). Ceftaroline-avibactam demonstrated potent activity (MIC 90 , <0.5 g/ml) against Escherichia coli, Klebsiella pneumoniae, Klebsiella oxytoca, Proteus mirabilis, Enterobacter cloacae, Enterobacter aerogenes, Serratia marcescens, Morganella morganii, Citrobacter freundii, and Haemophilus influenzae; >99% of isolates of E. coli, K. pneumoniae, K. oxytoca, P. mirabilis, M. morganii, C. freundii, and H. influenzae were susceptible to ceftaroline-avibactam according to CLSI MIC interpretative criteria for ceftaroline. Ceftaroline was less active than ceftaroline-avibactam against all species of Enterobacteriaceae tested, with rates of susceptibility ranging from 93.9% (P. mirabilis) to 54.0% (S. marcescens). All isolates of methicillin-susceptible Staphylococcus aureus (MIC 90 , 0.25 g/ml) and 99.6% of methicillin-resistant S. aureus isolates (MIC 90 , 1 g/ml) were susceptible to ceftaroline; the addition of avibactam to ceftaroline did not alter its activity against staphylococci or streptococci. All isolates of Streptococcus pneumoniae (MIC 90 , 0.03 g/ml), Streptococcus pyogenes (MIC 90 , <0.03 g/ml), and Streptococcus agalactiae (MIC 90 , 0.015 g/ml) tested were susceptible to ceftaroline. We conclude that combining avibactam with ceftaroline expanded its spectrum of activity to include most isolates of Enterobacteriaceae resistant to third-generation cephalosporins, including extended-spectrum ␤-lactamase (ESBL)-and AmpC-producing E. coli and ESBL-producing K. pneumoniae, while maintaining potent activity against staphylococci and streptococci.
A ntimicrobial-resistant bacteria contribute significantly to patient morbidity and mortality as well as rising health care costs. New agents are needed to treat infections caused by antimicrobial-resistant bacterial pathogens, particularly multidrug-resistant Gram-negative bacilli. Ceftaroline, the active component of the prodrug ceftaroline fosamil, is approved in the United States for the treatment of adults with acute bacterial skin and skin structure infections and community-acquired bacterial pneumonia and by the European Medicines Agency for the treatment of patients with complicated skin and soft tissue infections and community-acquired pneumonia. Ceftaroline is a parenteral, broadspectrum cephalosporin with in vitro activity against resistant Gram-positive pathogens such as methicillin-resistant Staphylococcus aureus (MRSA) and Streptococcus pneumoniae as well as Enterobacteriaceae, excluding isolates harboring extended-spectrum ␤-lactamases (ESBLs), cephalosporinases, and carbapenemases (1) (2) (3) (4) (5) (6) . Ceftaroline also demonstrates potent in vitro activity against Gram-positive and Gram-negative anaerobic bacteria, excluding Bacteroides fragilis (7, 8) , but lacks activity against enterococci, Pseudomonas aeruginosa, and other nonfermentative Gram-negative bacilli (1, 2, 4, 6) . Unlike many other oxyiminocephalosporins, ceftaroline demonstrates some lability to classical TEM and SHV ␤-lactamases, is resistant to Klebsiella oxytoca hyperproducing the K1 enzyme, and produces high MICs, relative to those of other oxyimino-cephalosporins, for isolates harboring CTX-M enzymes (9) .
Avibactam, previously known as NXL104 and AVE1330A, is a novel non-␤-lactam ␤-lactamase inhibitor that, when combined with ceftaroline or ceftazidime, has been demonstrated to broaden the spectra of activity of these two cephalosporins to include Gram-negative bacteria that produce one or more Ambler class A (e.g., ESBL and KPC) and/or class C (e.g., AmpC) and some class D (e.g., OXA-like) enzymes (4, 8, (10) (11) (12) (13) (14) . Avibactam inactivates susceptible ␤-lactamases by covalent acylation (15) ; however, avibactam's binding also appears reversible, as deacylation slowly follows initial acylation with recyclization (and not hydrolysis) of avibactam's 5-membered urea ring, which restores its activity (15, 16) . Avibactam possesses a unique mechanism of inhibition among known ␤-lactamase inhibitors, as current, clinically used ␤-lactamase inhibitors form irreversible acyl-enzyme intermediates that decompose through hydrolysis (15, 16) . In vitro, avibactam at a concentration of 4 g/ml protects ceftaroline from hydrolysis by all currently relevant ␤-lactamases except metalloenzymes and Acinetobacter OXA carbapenemases (11, 12) .
The intent of the current study was to evaluate the in vitro activities of the ceftaroline-avibactam combination, ceftaroline alone, and a collection of relevant comparator agents against a recent Canadian collection of common Gram-negative and Gram-positive bacteria isolated from patients with skin and skin structure, respiratory, urinary tract, and bacteremic infections. The isolates tested in this study were collected and tested as a part of the ongoing CANWARD surveillance study. CANWARD, initiated in 2007, is a national, annual, Health Canada-endorsed, population-based surveillance study intended to assess changing patterns of antimicrobial susceptibility among pathogens recovered from patients in medical/surgical wards, emergency rooms, and intensive care units in Canadian hospitals (http://www.can-r.ca/).
ESBL-producing E. coli isolate that was negative by the ESBL confirmatory test and resistant to cefoxitin (MICs of Ն32 g/ml) was identified as a putative AmpC producer. Putative AmpC producers were screened for acquired ampC genes and for mutations within the chromosomal ampC promoter and/or attenuator region by PCR and sequencing, as previously described (22, 23) . Methicillin-resistant S. aureus confirmation. Potential methicillin resistance in S. aureus isolates was confirmed by using the cefoxitin disk test according to CLSI guidelines (18) and by PCR amplification of the mecA gene (24) . Other molecular methods, including Panton-Valentine leukocidin (PVL) analysis (24) and staphylococcal protein A (spa) typing (25) , were used to assign isolates to community-associated (resembling USA300 and USA400) or health care-associated (resembling USA100/ 800, USA200, USA500, and USA600) groups. A high degree of concordance between spa types and Canadian epidemic clones has been documented (25) .
RESULTS
The in vitro activities of ceftaroline-avibactam, ceftaroline, and comparative agents against Gram-negative pathogens are summarized in Table 1 (18) . Ceftaroline-avibactam exhibited limited activity (MIC 90 , Ն8 g/ml) against Pseudomonas aeruginosa, Stenotrophomonas maltophilia, and Acinetobacter baumannii. Ceftaroline was less active than ceftaroline-avibactam against all species of Enterobacteriaceae tested, with rates of susceptibility ranging from 93.9% (P. mirabilis) to 54.0% (S. marcescens).
Ceftaroline-avibactam is equally active against ESBL-producing and non-ESBL-, non-AmpC-producing isolates of E. coli; only 1 of 57 isolates of AmpC-producing E. coli had a MIC of 1 g/ml (Table 2) . Ceftaroline was inactive against ESBL-producing E. coli, and only 35.1% of AmpC-producing E. coli isolates were susceptible to ceftaroline. Of the 114 phenotypically confirmed ESBL-producing E. coli isolates identified, 76 were positive for CTX-M-15, 16 were positive for CTX-M-14, 13 were positive for CTX-M-27, 2 were positive for CTX-M15 and SHV-12, 1 was positive for CTX-M-3, 1 was positive for CTX-M-24, and 5 had no ESBL identified genetically; the in vitro activity of ceftaroline-avibactam was consistent against the isolates harboring each of these enzymes. Of the 57 phenotypically confirmed AmpC-producing E. coli isolates identified, 30 were positive for CMY-2, and 27 were promoter mutants; the in vitro activity of ceftaroline-avibactam was consistent against the isolates in each of these groups. Ceftaroline-avibactam demonstrated a similar activity against ESBL-positive isolates of K. pneumoniae (MIC 90 , 0.5 g/ml; MIC range, Յ0.03 to 1 g/ml) compared to that of non-ESBL-producing/non-AmpC-producing isolates (MIC 90 , 0.12 g/ml; MIC range, Յ0.03 to 2 g/ml). Ceftaroline was also inactive against ESBL-producing K. pneumoniae. Of the 25 phenotypically confirmed ESBL-producing K. pneumoniae isolates identified, 7 were positive for CTX-M-15, 4 were positive for SHV-12, 3 were positive for CTX-M-15 and SHV-11, 2 were positive for SHV-2a, 1 was positive for CTX-M-14, 1 was positive for SHV-2, 1 was positive for CTX-M-3 and SHV-108, 1 was positive for CTX-M-14 and SHV-11, 1 was positive for CTX-M-15 and SHV-28, 1 was positive for CTX-M-15 and SHV-168, 1 was positive for CTX-M-27 and SHV-11, and 2 had no ESBL identified genetically; the in vitro activity of ceftaroline-avibactam was consistent against the isolates harboring each of these enzymes. The in vitro activities of ceftaroline-avibactam, ceftaroline, and comparative agents tested against Gram-positive pathogens are summarized in Table 3 . The addition of avibactam to ceftaroline did not impact the activity of ceftaroline against any of the Grampositive organisms tested. Ceftaroline-avibactam and ceftaroline inhibited all methicillin-susceptible S. aureus and methicillin-susceptible S. epidermidis isolates at a concentration of 0.5 g/ml; all isolates of methicillin-resistant S. epidermidis had MICs of ceftaroline and ceftaroline-avibactam of Յ1 g/ml. One isolate of methicillin-resistant S. aureus (0.2% of isolates) had a ceftarolineavibactam MIC of 2 g/ml; two isolates (0.4% of isolates) had a ceftaroline MIC of 2 g/ml.
Against streptococci including S. pneumoniae, ceftarolineavibactam and ceftaroline MICs (MIC 90 , Յ0.03 g/ml) were lower than those of penicillin and meropenem (Table 3 ). All isolates of S. pyogenes and S. agalactiae were inhibited by ceftaroline and ceftaroline-avibactam at concentrations of Յ0.03 g/ml.
DISCUSSION
The effectiveness of ␤-lactams against Gram-negative bacteria has declined over time because of the emergence and spread of ␤-lactamase enzymes, some of which are not affected by currently marketed ␤-lactam/␤-lactamase inhibitor combinations. Current marketed ␤-lactamase inhibitors (clavulanic acid, tazobactam, and sulbactam) inactivate only class A ␤-lactamases and are clinically ineffective against class C and class D ␤-lactamases (16, 26) . Ceftaroline-avibactam was substantially more potent than ceftaroline against all species of Enterobacteriaceae tested, with the exception of P. mirabilis, for which equivalent activity was observed (Table 1) . Ceftaroline-avibactam demonstrated potent in vitro activity against ESBL-positive and AmpC-positive isolates of E. coli and ESBL-positive isolates of K. pneumoniae. If the ceftaroline FDA susceptibility breakpoint for Enterobacteriaceae (susceptible, Յ0.5 g/ml) was used for ceftarolineavibactam, the susceptibility rate was Ͼ99% (3,846/3,879 isolates) for all Enterobacteriaceae tested. Ceftaroline is known to be hydrolyzed by ESBL, AmpC, KPC, and metallo-␤-lactamases, and its in vitro activity is reflected by the prevalence of these enzymes in isolate collections (9, 27, 28, 29) . Isolates of Enterobacteriaceae collected by the CANWARD surveillance study in 2009 (2) demonstrated levels of susceptibility to ceftaroline similar to those reported in the current study from 2010 to 2012 (Table 1) .
Mushtaq and colleagues reported that ceftaroline is a weak inducer of AmpC ␤-lactamases at or below their MIC, similar to other oxyimino-cephalosporins, and suggested that the addition of avibactam to ceftaroline is best suited for indications where AmpC-inducible Enterobacteriaceae are likely, such as nosocomial pneumonia, because avibactam inhibits hydrolysis by AmpC and many other ␤-lactamases, excluding metallo-␤-lactamases (12, 30) . A previous mutational study demonstrated that stable resistant mutants were difficult to select for with ceftaroline-avibactam (11).
Ceftaroline-avibactam and ceftaroline demonstrated equivalent in vitro activities against the Gram-positive pathogens tested (S. aureus, S. epidermidis, S. pneumoniae, and S. pyogenes). All isolates of methicillin-sensitive S. aureus (MSSA), S. pneumoniae, S. pyogenes, and S. agalactiae were susceptible to ceftaroline. Ceftaroline's enhanced potency, compared with those of other broadspectrum cephalosporins and penicillins, is due to its enhanced affinity for target penicillin-binding proteins, PBP2a in MRSA and PBP2X in penicillin-nonsusceptible S. pneumoniae (31) . Ceftaroline demonstrates potent activity against health care-associated and community-associated MRSA genotypes as well as bactericidal activity against vancomycin-intermediate S. aureus (VISA), heteroresistant VISA (hVISA), vancomycin-resistant S. aureus (VRSA), and daptomycin-nonsusceptible S. aureus (MIC 90 s, 0.5 to 1 g/ml; MIC ranges, 0.12 to 1 g/ml) (5). Ceftaroline also retains its potency against coagulase-negative staphylococci with reduced susceptibility to linezolid, daptomycin, and vancomycin (32) . The current study found Ͼ99% of isolates of MRSA, including both health care-associated and communityassociated isolates of MRSA, to be susceptible to ceftarolineavibactam and ceftaroline, similar to results reported by other investigators (5, (27) (28) (29) . Isolates of MRSA collected by the CANWARD surveillance study in 2009 (2) demonstrated an MIC 90 (1 g/ml) identical to the one reported by the current study for isolates tested from 2010 to 2012. Mushtaq and colleagues reported that they were unable to select higher-level resistance to ceftaroline in MSSA, MRSA, and VISA isolates by using an in vitro multistep procedure at four times the MIC (9) .
Ceftaroline demonstrated 2-to 4-fold more potent activity than ceftriaxone against isolates of S. pneumoniae (Table 3) . Previously, ceftaroline was reported to demonstrate 4-to 16-fold more activity than ceftriaxone against multidrug-resistant isolates of S. pneumoniae. All isolates of S. pneumoniae tested were susceptible to ceftaroline (MIC, Յ0.25 g/ml).
Ceftaroline fosamil-avibactam is currently in phase 1 and phase 2 clinical trials in the United States (http://clinicaltrials.gov/). A murine thigh infection model (33) and an in vitro hollow-fiber 
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